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Abstract
Creep strength enhanced ferritic (CSEF) steels are used in advanced power plant systems for high temperature applications. P92 (Cr–W–Mo–V)
steel, classified under CSEF steels, is a candidate material for piping, tubing, etc., in ultra-super critical and advanced ultra-super critical boiler
applications. In the present work, laser welding process has been optimised for P92 material by using Taguchi based grey relational analysis (GRA).
Bead on plate (BOP) trials were carried out using a 3.5 kW diffusion cooled slab CO2 laser by varying laser power, welding speed and focal
position. The optimum parameters have been derived by considering the responses such as depth of penetration, weld width and heat affected zone
(HAZ) width. Analysis of variance (ANOVA) has been used to analyse the effect of different parameters on the responses. Based on ANOVA, laser
power of 3 kW, welding speed of 1 m/min and focal plane at −4 mm have evolved as optimised set of parameters. The responses of the optimised
parameters obtained using the GRA have been verified experimentally and found to closely correlate with the predicted value.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
The global initiative towards “Go Green” has urged all the
manufacturing industries to improve the efficiency to reduce the
greenhouse gases. In the power sector, it has led to the devel-
opment of supercritical, ultra super critical and advanced ultra-
super critical boiler technologies, which operate at higher
temperatures and pressures compared to conventional sub criti-
cal boilers. These developments increase the efficiency of
operation thereby reducing the polluting emissions and demand
the use of materials that can withstand such operating condi-
tions [1]. Stainless steels, Cr–Mo steels like P22, 23, etc., have
been traditionally used for such applications in components like
super heater tubes, panels, etc. To further increase the life of the
components without hampering the heat transfer efficiency,
9–12% Cr steels have been developed, which have better oxi-
dation resistance, high temperature properties, etc. [2]. The
most commonly used material in this category is the 9Cr–1Mo
(P91) steel due to its high thermal conductivity and low coef-
ficient of thermal expansion compared to the closely competing
austenitic stainless steels. P91 has been in use for applications
experiencing temperatures of the order of 600 °C [3]. However,
the presence of Mo leads to the formation of deleterious phases,
which will affect the high temperature performance of the com-
ponents made of P91 material [4]. To reduce the chance of
formation of deleterious phases and to further enhance the high
temperature performance, P92 steels have been developed by
reducing the Mo content to 0.5% and adding 2% W to compen-
sate for the loss in strength due to reduced Mo content. The
material is being considered for applications like headers,
panels, coils, etc., in super critical and ultra super critical power
plants. P92 materials have oxidation resistance similar to the
P91 as the oxidation resistance is influenced by the Cr content
and both P91 and P92 materials have similar Cr content. The
components fabricated with P92 will involve extensive
welding. Hence, weldability of the material will be an essential
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requirement. P92 is also usually supplied in normalised and
tempered conditions and will have fully martensitic microstruc-
ture at room temperature and hence, during welding should
have issues similar to P91. The weldability issues in the mate-
rial will include hard and brittle microstructure in weld and
HAZ, susceptibility to hydrogen induced cracking (HIC), for-
mation of soft intercritical zone, etc. [5,6]. P91/92 material can
be welded by almost all fusion welding processes. Laser
welding with the capability of carrying out the welding in open
atmosphere with just an inert gas shield is gaining attention for
welding of such materials. The use of laser welding can offer
benefits like easy shielding of molten pool to avoid hydrogen
induced cracking, reduced chances of formation of soft
intercritical zone because of high cooling rates associated with
the process, reduced chances of formation of deleterious phase,
etc. [7,8]. However, there is limited information available in the
open literature on laser welding of P92 material. Hence, in the
present work, laser welding process has been attempted on P92
plates in bead on plate (BOP) mode.
In any welding process, to achieve the desired properties, it
is necessary to carry out the welding using optimised
parameters. To obtain the optimised parameters, the scientific
method is to use optimisation techniques. In the present work,
Taguchi based grey relation analysis method has been used to
optimise the parameters. Quite a good number of published
literatures have proved the usability of optimisation techniques
for both non-fusion and fusion welding including laser
welding process of different materials. Ajith et al. [9] have
used ANN to optimise friction welding of UNS S32205 duplex
stainless steel and Magudeeswaran et al. [10] have optimised
ATIG welding parameters using Taguchi followed by ANOVA
and Pooled ANOVA to achieve the desired width to depth ratio
to avoid hot cracking in the same material. Tamrin et al. [11]
have optimised laser lap welding process using grey relational
analysis for dissimilar welding of polymer to glass based
ceramics to arrive at the optimum joint characteristics like
joint strength, etc. and found that welding speed has the
maximum influence on the joint characteristics. Zhao et al.
[12] optimised laser welding process for welding of thin gauge
galvanised steel using response surface methodology (RSM)
and they have found that welds made with optimised
parameters had good bead geometry values. They could also
find out that with optimisation, the process efficiency could be
enhanced and the average aspect ratio could be increased from
0.62 to 0.83. Reisgen et al. [13] have optimised CW CO2 laser
welding parameters like laser power, welding speed and focus
position using RSM for welding of dissimilar thickness of
Advanced High Strength Steels of DP 600 and TRIP steel to
achieve good bead geometry parameters, mechanical
properties and formability at a reduced cost of fabrication.
Olabi et al. [14] have optimised laser welding parameters like
laser power, welding speed and focal position using a
combined approach with Artificial Neural Network (ANN) and
Taguchi analysis to achieve optimal bead geometry values like
the ratios of penetration to fusion zone width and penetration
to HAZ width. They have arrived at an ANN model that will
work for all the range of parameters experimented. Ruggiero
et al. [15] have optimised CW CO2 laser welding parameters
using RSM for welding of dissimilar joint involving AISI 316
austenitic stainless steel and low carbon steel to arrive at
optimum bead geometry values and welding cost. They have
also found welding speed to be the most influencing parameter
and the welding cost was found to be greatly reduced based on
their devised formula with the optimised parameters. E.M.
Anawa and Olabi [16] have used Taguchi approach with
ANOVA to arrive at the optimum set of laser welding
parameters for achieving good mechanical properties tested by
notched tensile specimen for a dissimilar combination of AISI
316 austenitic stainless steel to AISI 1008 low carbon steel.
The mechanical properties of welded joints with optimum
parameters were found to be better than the base material.
They have found laser power to be the most influencing factor
in determining the strength of such dissimilar joints. The
authors have also optimised the parameters for obtaining good
fusion zone properties for the same combination of materials
and they have found that with respect to the fusion zone
properties, welding speed had the greatest influence [17]. The
optimisation technique was found to be a very useful tool even
for welding of nonmetals like plastics. Kumar et al. [18] have
optimised the laser transmission welding parameters like
current, standoff distance and clamping for welding of
plastics. Pan et al. [19] used Taguchi method to optimise
pulsed Nd:YAG laser welding parameters for welding of
AZ31B Magnesium alloy to achieve the maximum tensile
strength. The optimisation could yield a parametric
combination that could increase the tensile strength by 2.5×
compared to the original value as set for laser welding.
Benyounis et al. [20] analysed the effect of laser power,
welding speed and focal position of the laser beam with
respect to the workpiece surface using RSM for CW CO2 laser
welding of medium carbon steel in butt joint configurations.
They have concluded that the proposed model could accurately
predict the responses like depth of penetration, weld width and
HAZ width within the parametric range that have been
experimented. All the reported works not only prove the
usefulness of the optimisation techniques for optimising the
laser welding process for different materials but also prove to
be a scientific way to reduce the number of experiments to
arrive at a parameter to achieve the desired weld quality.
In the present work, laser welding parameters were
optimised using Taguchi analysis with GRA for welding of P92
material using diffusion cooled slab CO2 laser. The welding
trials were carried out using Taguchi L9 orthogonal array in
bead on plate (BOP) mode by varying laser power, welding
speed and focal position. The trials were carried out twice in a
random manner to avoid sequential error. The welds were cut in
the transverse direction to study the macrostructure and bead
geometry characteristics like depth of penetration, top weld
width and HAZ width, which were taken as responses. The
average of the responses was taken for the analysis. Subse-
quently, ANOVA was performed and the optimum parameters
were derived. The optimum parameters obtained through the
analysis were verified experimentally and the results were pre-
sented and discussed.
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2. Experimental procedure
2.1. Laser welding experiments
Laser welding experiments were performed in BOP mode by
varying parameters like laser power, welding speed and focal
plane position using an L9 orthogonal array on P92 plate mate-
rial of dimensions 200 × 150 × 8 mm without any preheating.
The chemistry of the material is given in Table 1 and the details
of the parameters used for the trials are given in Table 2. The
welding trials were performed twice in a random manner to
avoid the sequential error. The welding trials were carried out
using 3.5 kW slab CO2 laser using Argon as shielding and
plasma purge gas at 30 lpm in trailing mode using a 300 mm
focal mirror, which gives a focal spot size of 180 μm in the
Gaussian mode. The laser has a depth of focus of +/− 3 mm
with the present focal arrangement. The welding power was
varied in the range of 2.5–3.5 kW, welding speed 1–5 m/min
and focal plane position in the range of 0 to −4 mm (inside the
material). All welds were cut in the transverse direction, pol-
ished and etched using Villella’s reagent to study the macro-
structures. Macrostructures were taken using a Leica Stereo
microscope. Subsequently, bead geometry measurements like
depth of penetration, bead width and HAZ width were taken
using the measurement software available in the microscope
and the values were used as responses for optimisation.
2.2. Optimisation of laser welding parameters
Since multiple output parameters have to be dealt with, GRA
based Taguchi method was used for the analysis. To optimise the
parameters using GRA, the experimental data were normalised by
assigning the values between 0 and 1. Subsequently, grey relation
coefficient was calculated, which shows the interconnection
between the desired and obtained experimental data. Furthermore,
the problem was converted to a single objective function by
calculating the grey relational grade, which is the average of grey
relation coefficient. The combination of parameters with highest
value of grey relational grade will be the optimal solution. In case
of laser welding, the prime objective will be to increase the
penetration at the minimal weld and HAZ width, as it conveys that
all the incident energy is effectively utilised to penetrate the
material.This will be even more critical in a heat sensitive material
like P92, where the interface between the HAZ and base metal
(BM) will be the weakest zone.
Hence, in grey relational generation, the normalised top
bead width and HAZ width correspond to the smaller-the-better
(SB) criterion that can be expressed by Eq. (1)
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Penetration should follow the larger-the-better (LB) crite-
rion, which can be expressed by Eq. (2)
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where xi (k) is the value after the grey relational generation, min
yi (k) is the smallest value of yi (k) for the kth response, and max
yi (k) is the largest value of yi (k) for the kth response. Grey
relational coefficient can be calculated by using the formula
given in Eq. (3)
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Suppose ideal sequence is x ko( ) for a kth response, then its
value will be the maximum value of that particular column
which will always be 1 and Δoi = difference of the absolute
value xo (k) and xi (k), which means how much that particular
value is deviating from ideal value, so the equation for calcu-
lating delta is given below
Δo x k x ki o i= ( )− ( )
x k is the normalised value for for given set of
input parameters
i( )
ψ is a distinguishing coefficient 0 1≤ ≤Ψ , here ψ = 0.25 for
all quality characteristics
Δ Δmin the smallest value of= oi
Δ Δmax the largest value of= oi
After averaging the grey relational coefficients, the grey
relational grade can be calculated as
G
n
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k
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where n is the number of process responses. The higher value of
grey relational grade corresponds to intense relational degree
Table 1
Chemistry of P92 base material in wt. %.
C Si Mn P S Cr Mo Ni V Nb W B Fe
0.125 0.244 0.42 0.02 <0.01 8.834 0.302 0.395 0.184 0.076 1.724 0.001 Bal
Table 2
L9 Orthogonal array used for laser welding trials.
Run Power/kW Speed/(m·min−1) Focus/mm
1 2.5 1 0
2 2.5 3 −2
3 2.5 5 −4
4 3 1 −2
5 3 3 −4
6 3 5 0
7 3.5 1 −4
8 3.5 3 0
9 3.5 5 −2
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between the reference sequence xo(k) and the given sequence
xi(k).
Finally, analysis of variance (ANOVA) was performed to
find out the effect of each parameter on the desired weld bead
characteristics and to arrive at an optimal set of parameters.
2.3. Confirmation experiments and weld characterisation
Based on the ANOVA, the optimum welding parameters
were found. Since the optimum parameters obtained were out
of the set of trials performed, the confirmation experiments
were carried out by conducting BOP trials on P92 plate using
the optimum parameters obtained from the analysis. The welds
were characterised for macrostructure and bead geometry
values as described before. The welds were subjected to post
weld heat treatment (PWHT) at a temperature of 760 °C for 3
hours. After PWHT, the hardness survey was conducted across
the weld to check the presence of any soft intercritical zone in
the HAZ/BM boundary. Microhardness measurements were
taken using an automatic microhardness tester with a load of
200 g and inter indent spacing of 150 μm. Furthermore,
microstructures of the welds were taken using optical
microscope at a magnification of 200× and 500× to study the
phases and to check for the presence of any undesirable
phases.
3. Results and discussion
Macrostructures of the weld for all the parameters experi-
mented are given in Fig. 1 and the bead geometry responses are
given in Table 3.
Fig. 1. Macrostructures of laser BOP welds.
Table 3
L9 orthogonal array with values of responses.
Run Power/
kW
Speed/
(m·min−1)
Focus/mm Top bead
width/μm
Depth of
penetration/μm
HAZ
width/μm
1 2.5 1 0 2156 5310 1257.4
2 2.5 3 −2 1480.9 3945.7 628.8
3 2.5 5 −4 1310 2017.2 382.4
4 3 1 −2 2367.2 6089.5 1287
5 3 3 −4 1493.2 4038.2 786.4
6 3 5 0 1290 3028.2 563.6
7 3.5 1 −4 2730.3 5967.3 1466.4
8 3.5 3 0 1810.3 5046.8 780.4
9 3.5 5 −2 1581.3 3085.3 735.8
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3.1. Optimisation of laser welding parameters
3.1.1. Evaluation of optimal process condition
In the evaluation process, initially, normalisation is used to
convert the parameters with different units into a non-
dimensional value. This could be done using Eqs. (1) and (2).
This has been performed considering “Larger the Better” for
depth of penetration and “Smaller the Better” for both top weld
width and HAZ width. Normalised values for top bead width,
penetration and heat affected zone are given in Table 4. Table 5
shows the Δoi values.
The value of grey relational coefficient is given in Table 6,
which will be used for calculating grey relational grade. In case
of laser welding, the maximum depth of penetration achievable
in single pass in the most desirable output and the width of the
weld bead and HAZ should be kept as minimal as possible.
Accordingly, the weightage used for top bead width is 0.2; and
for depth of penetration, 0.6; and HAZ, 0.2. Weightage has been
allotted considering the importance of these responses espe-
cially, whilst welding heat sensitive P92 materials. With the
assigned weightage, the grey relational coefficient was calcu-
lated and the values are given in Table 6. Table 7 shows the
value of grey relational grade which will be used for calculating
S/N ratio.
Table 8 shows the S/N ratio based on the larger the better
criterion for overall grey relational grade and Fig. 2 shows the
S/N curve, which is the graphical representation to find out the
optimal sets of parameters. S/N ratio is the signal to noise ratio,
so if the ratio is high, the desired effect is maximum with very
minimal noise. From Fig. 2, where A represents laser power, B
represents welding speed and C represents focal plane position,
it can be seen that the maximum value of S/N ratio is occurring
at power 3 kW, speed 1 m/min and focal position of −4 mm.
From the response table (Table 9), it can be seen that the
range for welding speed is maximum followed by power and
focal position, which means welding speed has highest impact
on responses. This is in line with the findings observed by
other researchers elsewhere [8,12] on other materials during
CO2 laser welding. Based on the analysis, the optimal set of
Table 4
Grey relational generation of each performance characteristics.
Run
no.
Top bead
width/μm
Depth of
penetration/μm
HAZ
width/μm
Smaller
the better
Larger
the better
Smaller
the better
1 0.3987 0.8086 0.1928
2 0.8675 0.4736 0.7727
3 0.9861 0 1
4 0.2521 1 0.1655
5 0.8589 0.4963 0.6273
6 1 0.2483 0.8328
7 0 0.97 0
8 0.6388 0.74395 0.6328
9 0.7978 0.2623 0.674
Table 5
Evaluation of Δoi for each of the responses.
Run
no.
Top bead
width/μm
Depth of
penetration/μm
HAZ
width/μm
Smaller
the better
Larger
the better
Smaller
the better
1 0.60126 0.19142 0.8072
2 0.13254 0.52644 0.22731
3 0.01389 1 0
4 0.7479 0 0.8345
5 0.14108 0.50372 0.37269
6 0 0.75174 0.16716
7 1 0.03001 1
8 0.36124 0.25605 0.36716
9 0.20225 0.73772 0.32602
Table 6
Grey relational coefficient of each performance characteristics (βTBW = 0.2,
βpenetration = 0.6, βHAZ = 0.2).
Run
no.
Top bead
width/μm
Depth of
penetration/μm
HAZ
width/μm
Smaller
the better
Larger
the better
Smaller
the better
1 0.249606 0.758136 0.198571
2 0.601428 0.532654 0.468048
3 0.935078 0.375 1
4 0.210993 1 0.19333
5 0.58637 0.543616 0.349227
6 1 0.443873 0.544724
7 0.166667 0.952369 0.166667
8 0.356351 0.700896 0.352635
9 0.497204 0.448526 0.380217
Table 7
Grey relational grade.
Run no. Grey
relational
grade
Rank
1 0.544517 6
2 0.533488 7
3 0.612016 3
4 0.680865 1
5 0.513289 8
6 0.575269 4
7 0.638088 2
8 0.562335 5
9 0.4446 9
Table 8
S/N ratio.
Run no. S/N ratio
1 −5.27978
2 −5.45751
3 −4.26475
4 −3.33879
5 −5.79276
6 −4.80259
7 −3.90238
8 −5.0001
9 −7.04062
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parameter will be power 3 kW, speed 1 m/min and focal posi-
tion of −4 mm. The optimal set of parameter obtained using
grey relational grade is not in L9 orthogonal array used for
carrying out the trials and hence, confirmation test has to be
carried out by performing laser welding with the optimal
parameters obtained from the analysis.
3.2. Analysis of variance (ANOVA)
ANOVA was performed to find out the parameter that is
most influencing to the bead geometry values in the desirable
manner. For analysing the effect of laser welding process
parameters (power, welding speed, focal position) on total
variation of response, the mean data of the overall grey rela-
tional grade were used. ANOVA results are shown in Table 10.
As can be seen from the ANOVA table, all parameters have
considerable F value, hence, all parameters are important.
However, amongst the parameters, welding speed has the
highest effect on the responses followed by laser power and then
focal position. In any fusion welding process, the weld bead
geometry values are highly dependent on the heat input and the
heat input will be highly dependent on the welding speed rather
than the power. Hence, in the present case also, the welding
speed has the highest effect on the responses, which matches
the findings of other researchers for some other materials.
However, the penetration capability of the laser will be directly
proportional to the power density, which depends on the given
laser power and focal area. Since the laser is having near Gauss-
ian beam quality with very high depth of focus, the focal spot
size will not vary much with the focal plane variation. Hence,
the variation in focal plane position has the least effect on the
responses. Also, since focal spot size is almost constant, the
power density is directly proportional to the laser power. Hence,
laser power has turned out to be the second most influencing
parameter.
3.3. Results of confirmation experiments
Confirmation welding experiment was carried out in BOP
mode using the optimal set of parameter, i.e. laser power –
3 kW, welding speed – 1 m/min and focal plane position of
−4 mm. The macrostructure of the weld carried out using the
optimal parameters is given in Fig. 3. The bead geometry values
obtained with the optimal parameters are given in Table 11.
Macrostructure of the weld is uniform with no defects like
cracks, porosities, etc. Grey relational grade is calculated for
these sets of parameter and the value is 0.7688, which is the
maximum amongst all the other 9 parameters experimented.
This confirms that for the given set of conditions, the
optimisation of parameters arrived at is correct. From the bead
geometry analysis, the depth of penetration in this case is
maximum. It can also be seen that from the microstructure
(Fig. 3) that the penetration in this case is maximum.
The microstructures across different zones of the weld
obtained with the optimised set of parameters across different
zones are given in Fig. 4.
The microstructure contains tempered lath like martensite
structure with carbides decorating the boundaries and also the
Fig. 2. S/N plot.
Table 9
Response table for grey relational grade.
Parameters Level 1 Level 2 Level 3 Range
Power/kW 0.5633 0.5898 0.5483 0.0415
Speed/(m·min−1) 0.6212 0.5364 0.5440 0.0848
Focal position/mm 0.5607 0.5530 0.5878 0.0348
Table 10
Analysis of variance.
Parameter Degree of
freedom
Sum of
squares
Mean
square
F Contribution/%
Power 2 0.002645 0.001322 0.12 14.63
Speed 2 0.013205 0.006603 0.61 74.39
Focal position 2 0.002006 0.001003 0.09 10.97
Error 2 0.021774 0.010887
Total 8 0.039630 0.82
Fig. 3. Macrostructure of the weld.
Table 11
Bead geometry values with optimised parameters.
Depth of
penetration/μm
Top bead
width/μm
HAZ
width/μm
6107.3 2314.1 1132.4
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grains in all the three regions. The microstructure is found to be
uniform with the average grain size in the range of 25 μm in
base material, 18 μm in the weld and around 15 μm in the HAZ.
The microstructure is also found to be free from deleterious
phases like δ-ferrite. Power beam welding processes, even
though with very high cooling rates, do not form δ-ferrite if
welding is carried out with optimum parameters. Since δ-ferrite
is stable over a very narrow range of temperature during solidi-
fication [21], in power beam welding process like laser welding,
the region would have been crossed rapidly, and hence, there is
no sufficient time available for δ-ferrite to form or to grow even
if it forms. Hence, this further confirms that the parameters are
optimum. The microhardness variation across weld taken at top
and bottom of the weld is given in Fig. 5.
Microhardness values were in the range of 270–320 HV0.2 in
welds and 240–265 HV0.2 in HAZ against 220–240 HV0.2 in the
base metal. Hardness survey has indicated that weld and HAZ
are stronger than the base material and have not shown any
significant softening in the HAZ–BM boundary, which indi-
cates that with optimum parameters, in laser welding, formation
of soft intercritical zone can be avoided. Laser welding due to
its cooling rate could suppress the formation of this soft unde-
sirable zone. It could be observed from Fig. 5 that the hardness
values in the welds are more in the bottom side compared to the
top side even after 3 h of soaking at 760 0C during post weld
heat treatment. Usually, the bottom of the welds will be even
narrow and hence, the cooling rates will be much higher in the
bottom region compared to the top. This higher cooling rate
results in elevated hardness in the bottom portion. This con-
firms two things. First, laser welding with narrow weld and
HAZ will be a potential candidate for welding such materials
and with optimisation of laser welding parameters, good
mechanical and microstructural properties could be obtained.
Second, the use of ″Smaller the Better″ rule for both weld and
HAZ width in such heat sensitive materials is proved to be right.
4. Conclusions
From the study and analyses, the following conclusions
could be made:
1) Taguchi based optimisation of laser welding parameters
for autogenous laser welding of P92 material has shown
that for the given conditions, 3 kW of laser power, 1 m/
min welding speed and positioning the focal plane of the
laser at 4 mm from the surface of the base material have
evolved as the optimal parameters.
2) From ANOVA, amongst the parameters experimented,
welding speed has the most significant contribution with
74.39% followed by laser power with 14.63% and focal
length with 10.97%
3) Microhardness survey across welds with optimised
parameter did not indicate any softening in the HAZ/BM
boundary and microstructural analysis did not reveal any
deleterious phases, which confirms that the parameters
obtained through optimisation are valid.
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